converts satellite cells to proliferating myoblasts, via a conserved STAT3 enhancer element. Additionally, Stat3 inhibitor studies in aged and dystrophic mice mirrored observations made by Price et al. 2 demonstrating that inhibition of JAK-STAT signaling improves skeletal muscle regeneration.
In both reports, the authors conclude that elevated JAK-STAT signaling inhibits satellite cell function. Tierney et al. 3 further suggest that inhibiting Stat3 reduces MyoD transcription, thus inhibiting differentiation and promoting satellite cell self-renewal. Price et al. 2 confirm recent reports demonstrating a reduction in satellite cell self-renewal with advanced age 8, 14 and further show that JAK-STAT inhibition promotes symmetric satellite cell expansion with a reduction in commitment to myogenesis. Thus, the enhanced production of satellite cells by symmetric expansion reported by Price et al. 2 and the inhibition of differentiation reported by Tierney et al. 3 probably work together to improve muscle regeneration in aged and diseased mice.
The aged muscle environment is known to negatively affect satellite cell function 10 , yet recent studies identify age-related, cell-intrinsic changes to satellite cells that include alterations in extracellular signal-regulated kinase-mitogenactivated protein kinase (MAPK) signaling 9 and p38 MAPK signaling 8,14 -indicative of increased cellular stress-that also impair satellite cell regenerative function. These new studies further solidify the link between aging, stress signaling and satellite cell defects previously reported 8, 14 . Tierney et al. 3 suggest that as one source of age-associated stress, interleukin-6, a proinflammatory cytokine that signals via JAK2-STAT3, may be a contributing STAT3 stimulus. Candidate stress signal sources include infiltrating immune cells or senescent cells, the latter contributing to stress signaling via a senescenceassociated secretory phenotype composed of numerous proinflammatory cytokines and chemokines 15 . A comprehensive study of these possibilities during muscle aging would be extremely informative.
Skeletal muscle functional decline is an inevitable consequence of aging, which begins with loss of muscle mass in middle age and culminates in frailty and reduced quality of life in old age. When severe, this loss is termed sarcopenia and is associated with limited mobility and increased morbidity. The increased healthcare requirements associated with sarcopenia are a major concern as the global population ages. The mechanisms involved are multifaceted and probably include alterations in gene expression, proteostasis, metabolism and stem cell exhaustion 1 . Together, these influences antagonize muscle regeneration, leading to an inability to adequately replace lost or damaged muscle mass.
In this issue of Nature Medicine, Price et al. 2 and Tierney et al. 3 present complementary studies demonstrating a crucial role for JAK-STAT signal transduction during muscle regeneration. Using a combination of genetic and pharmacological approaches, the authors report that increases in JAK-STAT signaling impair muscle regeneration during aging in mice and further provide an avenue for therapy development for musclewasting diseases.
Skeletal muscle regeneration requires a population of resident stem cells to replace myonuclei (postmitotic muscle fiber nuclei) after an injury. Muscle stem cells, or satellite cells, lie juxtaposed between the plasma membrane of mature skeletal muscle myofibers and the basement membrane. In response to muscle damage, quiescent satellite cells activate and upregulate myogenic transcription factors, including Myf5 and MyoD, and then amplify to form a pool of myoblasts that fuse with each other and damaged myofibers to form new myofibers. Replenishment of the satellite cell pool requires self-renewal and a return to quiescence 4, 5 . Satellite cell ablation and lineagetracing experiments confirm that satellite cells are indispensable for proper muscle function 6, 7 . As a consequence of aging, the myogenic potential of satellite cells is impaired. Factors responsible include cell-intrinsic defects, such as DNA damage repair deficits, and external influences such as alterations in signals from the satellite cell niche [8] [9] [10] [11] . Understanding the interplay between cell intrinsic and extrinsic factors is important in pursuit of potential therapeutic targets for combating muscle wasting.
Price et al. 2 report that in satellite cells isolated from juvenile mice (3 weeks old), young adult mice (12 weeks old) and elderly mice (~78 weeks old), there is an increase in JAK-STAT signal transduction in the muscle with age, as determined by gene expression analyses. JAKs phosphorylate STAT proteins, translocating STATs from the plasma membrane to the nucleus, where they activate gene transcription of their targets 12 . Alterations in JAK-STAT signaling are observed in adult hair-follicle stem cell populations, where ageassociated external cytokine stimulation inhibits stem cell function 13 . Price et al. 2 similarly report age-associated deficits in satellite cell function, prompting the authors to speculate that JAK-STAT signaling may suppress myogenic activity. In a series of in vitro and transplant-based siRNA and inhibitor studies targeted at JAK kinase (using inhibitor AG490) or Stat3 (using inhibitor 5,15 DPP) in mice, the authors demonstrate that inhibition of either JAK kinase or Stat3 promotes symmetric satellite cell expansion and rescues muscle regeneration defects in elderly and dystrophic mice (Fig. 1) .
In the companion report, Tierney et al. 3 explore the hypothesis that Stat3, a downstream effector of the proinflammatory cytokine interleukin-6, which is involved in muscle regeneration and in muscle atrophy, regulates tissue regeneration during aging and disease progression. The authors conditionally ablate Stat3 in satellite cells in mice and implicate Stat3 signaling in satellite cell maintenance and muscle regeneration. Tierney et al. 3 provide evidence that Stat3 regulates expression of MyoD, a transcription factor that even broader range of diseases 16 . Price et al. 2 used AG490, a potent inhibitor of JAK2, JAK3 and epidermal growth factor receptor, and the STAT3 inhibitor 5,15 DPP to provide convincing evidence that the inflammatory stimulus is probably mediated by JAK2. Rigorously identifying the distinct contributions of individual JAKs to muscle regeneration will further
The clinical use of JAK-STAT inhibitors to combat diverse pathologies is well documented. Indeed, the JAK inhibitors ruxolitinib (JAK1 and JAK2 inhibitor) and tofacitinib (JAK3 inhibitor), are approved for inflammatory disorders including psoriasis, myelofibrosis and rheumatoid arthritis. Additional JAK-STAT inhibitors are in late-stage clinical trials for an refine the pathways involved and possibly help identify the culpable inflammatory signals. Notably, Price et al. 2 demonstrate that transient exposure to JAK-STAT inhibitors before satellite cell transplantation improves engraftment efficiency, raising the therapeutic potential of JAK-STAT inhibitors for improving muscle regeneration by stem cell transplantation, thus circumventing potential problems arising from systemic administration of anti-inflammatory agents. An important next step would be to determine whether human myoblasts behave similarly when treated with JAK-STAT inhibitors before in vivo transplantation.
An aging world population highlights the importance of identifying interventions to maintain skeletal muscle mass and function. The results from Price et al. 2 and Tierney et al. 3 identify JAK-STAT signaling as a potential therapeutic target for the treatment of age-related muscle wasting. Given the proven safety and utility of using JAK inhibitors in the clinic, these studies provide new information supporting satellite cell-centered therapeutic interventions to improve quality of life and attenuate the loss of muscle function occurring in progressive muscle disorders and as a consequence of aging. In young mice, Price et al. 2 and Tierney et al. 3 find that JAK-STAT signaling is low and satellite cells are able to expand to form a proliferating myoblast pool, the majority of which differentiate and fuse to repair muscle fibers. A small fraction return to a quiescent satellite cell state in a process termed self-renewal. In mice in an aging or diseased environment, the authors find that hyperactive JAK-STAT signaling impairs myogenic proliferation, differentiation and self-renewal, leading to diminished regenerative capacity. In the presence of JAK or STAT inhibitors, satellite cell function is restored and muscle regeneration is rescued. 
